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NotchThe tadpole pancreas has differentiated acinar cells but an underdeveloped ductal system. At the climax of
metamorphosis thyroid hormone (TH) induces the tadpole acinar cells to dedifferentiate to a progenitor state.
After metamorphosis is complete the exocrine pancreas redifferentiates in the growing frog forming a typical
vertebrate pancreas including a complex ductal system. A micro array analysis found that TH up regulates
stromelysin 3 (ST3, matrix metalloproteinase 11) in the exocrine pancreas at metamorphic climax. Transgenic
tadpoles were prepared with an elastase promoter driving either the ST3 gene or the constitutively active
form of Notch (IC). Expression of the transgenes was controlled by the tetracycline system. A few days after
either of these transgenes is activated by doxycycline the pancreatic acinar cells turn into duct-like cells. This
transdetermination occurs without cell division since both acinar and ductal markers can be visualized
transiently in the same cell. We propose that remodeling of the tadpole acinar cells is initiated when ST3 is up
regulated by TH. Stromelysin-3 then cleaves and activates Notch.MC Agricultural Products, 701
.
l rights reserved.© 2010 Elsevier Inc. All rights reserved.Introduction
The exocrine pancreas of the Xenopus laevis tadpole has differen-
tiated acinar cells (Leone et al., 1976) that synthesize well-known
digestive enzymes (Shi and Brown, 1990). However it has an
underdeveloped ductal system (Mukhi et al., 2008). At the climax of
metamorphosis the acinar cells dedifferentiate to a progenitor state.
The genes that encode the characteristic exocrine proteins become
silent, and their mRNAs disappear. The exocrine pancreas that
redifferentiates in the frog not only contains typical acini but develops
a complex ductal system. When the TH-induced dedifferentiation is
inhibited by a dominant negative thyroid receptor transgene the
ductal system does not form at least during the ﬁrst several months of
frog growth (Mukhi et al., 2008). The TH-induced dedifferentiation of
the exocrine pancreas occurs in the absence of DNA replication. New
DNA replication begins when the exocrine pancreas begins to
redifferentiate as the frog grows. We inferred but did not prove that
the tadpole acinar cells were progenitors not only for the new frog
acinar cells but also the frog ductal cells. Studies in mice have
demonstrated that acinar cells can transdifferentiate to ductal cells
(Bockman, 1997). Notch activation can lead to the dedifferentiation of
acinar cells and their transdifferentiation to ductal cells (Ghosh and
Leach, 2006; Rooman et al., 2006). Metalloprotease-7 has beenimplicated in the activation of Notch (Brou et al., 2000; Crawford
et al., 2002; Sawey et al., 2007).
The TH direct response gene stromelysin-3 (ST3), a metallopro-
tease, is up-regulated in many X. laevis tissues at the climax of
metamorphosis (Wang and Brown, 1993; Shi and Brown, 1993; Berry
et al., 1998). In this paper we demonstrate that ST3 is highly up-
regulated by TH in the pancreas as well. To test the possible role of ST3
in the remodeling of the exocrine pancreas that takes place at the
climax of metamorphosis we prepared transgenic X. laevis with the
exocrine-speciﬁc elastase promoter driving either activated Notch or
full length ST3 under tetracycline control. In this study we show that
the activation of either of these genes in tadpole acinar cells
transforms them into ductal cells within a few days without DNA
replication. This supports the idea that tadpole acinar cells are the
progenitor cells of the frog ductal cells and that TH-induced
remodeling of the pancreas may be initiated by activation of Notch.
Results
The earliest changes in gene expression in the pancreas induced by TH
We have carried out extensivemicro array experiments on tadpole
pancreas at varying developmental stages as well as different times
after TH induction. Frog pancreas was also compared with control
tadpole pancreas. This data is recorded in the Gene Expression
Omnibus database (GSE16017 and 16074) and will be discussed in a
future paper. TH-induction for 12 h reveals the earliest regulated genes
in the tadpole pancreas. Included amongst them are direct response
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previous screens (Wang and Brown, 1993; Das et al., 2006) including
the gene that encodes stromelysin-3 (ST3) also called metalloprotein-
ase 11. ST3 is a direct response gene of TH in tail ﬁbroblasts (Wang and
Brown, 1993) and in the tadpole intestinal mesenchyme (Shi and
Brown, 1993). A TH-responsive promoter in the X. laevis genome has
been identiﬁed next to the ST3 gene (Li et al., 1998) and conﬁrmed by
transgenic experiments (Schreiber et al., 2009). ST3 is dramatically
and rapidly up regulated by TH in the tadpole exocrine pancreas
(Fig. 1). The micro array data show that after 12 h and 48 h of TH
treatment ST3 mRNA in the pancreas is 25 fold and 161 fold up
regulated, respectively, over the control mRNA concentration. At 12 h
ST3 is the third greatest change of all of the genes on the array while
the 48 h value is the single highest induction. The up regulation of ST3
occurs long before the dedifferentiation of the exocrine pancreas is
visible morphologically. As expected of a direct response gene the
amount of ST3 mRNA in the pancreas mirrors the concentration of
endogenous TH during normal metamorphosis (Fig. 1). It peaks at
climaxwhen the endogenous TH is highest (NF62) and then returns to
baseline levels at the end of metamorphosis when the endogenous TH
has returned to a low level (Leloup and Buscaglia, 1977).
ST3 induces transdifferentiation of acinar cells to duct cells
Transgenic tadpoles were prepared with an elastase promoter
driving a full length ST3 cDNA under control of the tetracycline
system. Adding doxycycline to the rearing medium induces the
transgene exclusively in the pancreatic acinar cells (Mukhi et al.,
2008). Fig. 2 shows the cytological changes that occur in the exocrine
pancreas over an 8-day period of doxycycline induction. The acinar
structure is lost and replaced by darkly staining groups of cells that
occasionally have a lumen. There is a marked reduction in cells with
cytoplasm (Fig. 2E) after 8 days suggesting that extensive cell death
has occurred. We have not examined pancreases of these transgenic
animals beyond 8 days of doxy induction.
Pancreas sections were assayed with antibodies against amylase
antibody to detect acinar cells and carbonic anhydrase, a speciﬁc
marker for duct cells (Löhr et al., 2001). Figs. 3A and B show the
difference in duct abundance between the control tadpole and frog
exocrine pancreases. 4 days of treatment with doxycycline induces
duct-like structures that express carbonic anhydrase in the tadpole
pancreas (Figs. 3D and G). These same cells still contain amylase
protein (Figs. 3F and G). The brief time that the same cells containFig. 1. Expression of stromelysin-3 (ST3) in the pancreas duringmetamorphosis. A) ST3mRN
3 mRNA is undetectable during pre and pro-metamorphic period as well as in the adult panc
endogenous TH is the highest. Addition of 10 nM T3 induces ST-3 mRNA. Pro-MM is NF58;
antiserum; C) ST3 protein is highly up regulated in the pancreas at NF62. Scale bar=20 μmboth acinar and ductal-speciﬁc proteins demonstrates that this
transdifferentiation occurs by "gene switching" (Mukhi et al., 2010)
and does not require DNA replication. By 8 days aberrant-looking
irregular ducts that stain with carbonic anhydrase interspersed by
ﬁbroblastic-looking cells have replaced all of the acinar cells (Figs. 2E
and 3E). There was no longer any detectable amylase in these cells.
We have not followed the fate of these pancreases further.
Over expressing activated Notch
Studies have shown that MMPs can activate Notch and that
activated Notch induces acinar cells to transdifferentiate into duct
cells (Rooman et al., 2006; De La O et al., 2008). We prepared
transgenic tadpoles with elastase driving activated Notch (Notch IC)
under the control of the tetracycline system. These animals were
grown to premetamorphic tadpole stages (NF55) and induced with
doxycycline. The same transdifferentiation phenotype seen with over
expression of ST3 was observed resulting in the tadpole acinar cells
changing into duct-like structures (Fig. 4). In the experiments shown
in Fig. 4 the induced pancreas sections were stained separately with
antibodies against the duct marker carbonic anhydrase and the acinar
marker amylase. They both stain all of the cells that comprise the
duct-like cells seen most clearly in the H and E stained section Fig. 4B.
We conclude that NotchIC induces the same gene switching without
cell division as seen previously by over expressing ST3. The acinar
morphology becomes duct-like.
Discussion
The tadpole and the frog exocrine pancreas
TH-controlled remodeling of the anuran exocrine pancreas is a
normal part of the frog's life cycle. As the tadpole approaches the
climax of metamorphosis the acinar cells dedifferentiate to a
progenitor state and the terminally differentiated exocrine-speciﬁc
genes are silenced. Their mRNAs disappear (Shi and Brown, 1990;
Mukhi et al., 2008). Genes that are essential for the early development
of the pancreas such as PDX1, Notch, and Hes are up regulated
transiently at climax. Finally at the end of climax, when the tail has
resorbed and the small frog is eating and growing, the acinar cells
once again differentiate. A striking difference between the tadpole
and frog's exocrine pancreas is the underdeveloped ductal system in
the tadpole pancreas (Mukhi et al., 2008; Fig. 3). The adult frog has aAwasmeasured during spontaneous and induced metamorphosis in Xenopus laevis. ST-
reas. However ST3 expression is induced at the climax of metamorphosis (NF62) when
pre-MM is NF 54–55; B) Control section of an NF55 tadpole pancreas stained with ST3
.
Fig. 2. Induction of ST3 mRNA in pancreas causes a morphological change. A) Two plasmids were used for transgenesis. The pancreas speciﬁc elastase promoter drives rtTA.
Expression of ST3 is controlled by the Tet (O) promoter. Premetamorphic transgenic animal were exposed to doxycycline. Histological sections of the pancreas, stained with H and E
demonstrate the morphological changes of the exocrine pancreas with time. B) Acinar cells are compactly arranged in non-induced control NF55 tadpoles. C) Some loss of the acinar
structure is observed after day 2 of exposure; D) more advanced changes after 4 days. E) After 8 days of induction with doxy duct-like structures have replaced acini. Scale bar 20 μm.
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dedifferentiation of the exocrine pancreas at metamorphic climax
takes place without any cell division, but redifferentiation in the
young frog is accompanied by high levels of DNA replication of both
the exocrine and endocrine pancreas.
The tadpole islets are very small averaging about 2 cells in each
cluster (Maake et al., 1998; Mukhi et al., 2009). These small islets
aggregate during climax when the exocrine pancreas is in a
dedifferentiated state. We did show conclusively that the aggregation
of islet cells involves the coalescence of preexisting small clusters
without cell division during climax. In fact the aggregation of islet cells
during climax depends upon the dedifferentiation of the exocrine
pancreas (Mukhi et al., 2009). Only when metamorphosis is complete
does the pancreas begin to grow, and both exocrine and islet cells
replicate. The dedifferentiated acinar cells at climax did not
differentiate into islet cells after metamorphosis. Fig. 4C shows the
same small islets in the tadpole pancreas after the induced
transdifferentiation.
Metaplasia in the pancreas
Acinar cells of the mammalian pancreas have been induced to
transdifferentiate when it regenerates after duct ligation (Wang et al.,1995), chronic pancreatitis (Bockman, 1997; Tezel et al., 2004), or
cerulein-induced pancreatitis (Jensen, et al., 2005). Well-documented
transdifferentiation events in the pancreas include exocrine to
endocrine cells (Rooman et al., 2001), endocrine cells to duct cells
(Yuan et al., 1996), acinar cells to hepatocytes (Rao et al., 1986), and
relevant to this study the transformation of acinar cells into duct cells
(Bockman, 1997). Crawford et al (2002) demonstrated that the
activation of metalloproteinase-7 correlates with the transformation
of acinar to duct cells. An MMP has been implicated in acinar to ductal
intraepithelial neoplasia (Sawey et al, 2007). Along with these
observations has been the demonstrated role of Notch in acinoductal
metaplasia (De La O, 2008).
The role of ST3
ST3 was originally associated with remodeling of tissues in
mammalian embryogenesis (Lefebvre et al., 1995) and invasion of
the embryo into the uterine wall (Das et al., 1990). It has been
correlated with highly metastatic cancer invasion (Basset et al., 1990;
Motrescu and Rio, 2008). ST3 is so dramatically up regulated by TH
duringmetamorphosis that it has been a prime suspect in the massive
apoptosis and remodeling that occurs (reviewed by Mathew et al.,
2009). The direct response nature of the ST3 gene was conﬁrmed by
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et al., 1998) that responds to TH by up regulating GFP in transgenic
X. laevis (Schreiber et al., 2009). ST3 has been implicated in the
remodeling of the intestine at the climax of metamorphosis (Ishizuya-
Oka et al., 2000). X laevis transgenic for ST3 controlled by a heat shock
promoter enhances apoptosis of tail muscle (Mathew et al., 2009).
These associations of ST3 and its dramatic TH-induced up regulation
in the exocrine pancreas (Fig. 1) stimulated us to prepare these
transgenic Xenopus. It seems reasonable that over expressing a
proteolytic enzyme should be toxic to any cell. In fact after 8 days of
ST3 up regulation much of the cellular structure of the exocrine
pancreas has been lost (Figs. 2E and 3E). However, before thisFig. 3. Acinar cells transdifferentiate to duct-like cells in a transgenic pancreas induced to ex
antibodies against carbonic anhydrase-II (CA-2) (green) a speciﬁc duct cell marker, and amyl
frog. A premetamorphic (NF55) transgenic tadpole was induced with tetracycline for C)
demonstrate that CA-2 and amylase are expressed in the same cells. At 8 days of exposure am
indicate cells that express both amylase and carbonic anhydrase. Scale bar 20 μm.destruction is evident there is a complete transformation of acinar to
duct-like cells (Fig. 3D), and activated Notch produces the exact same
pancreas morphology (Fig. 4B).
Both the rapid kinetics of ST3 up regulation by TH and the similar
phenotype caused by over expression of both ST3 and activated Notch
suggest that TH-induced dedifferentiation of the X. laevis pancreas is
initiated by the up regulation of ST3which in turn activates Notch.We
showed that dedifferentiation of the acinar cells at climax of
metamorphosis is accompanied by the up regulation of genes
known to be associated with the progenitors of exocrine cells.
However the change from acinar to duct cells described here does
not go through the progenitor state that characterizes the TH-inducedpress ST3. (See A of Fig. 2 for the two constructs). The sections are double labeled with
ase (red) an acinar-speciﬁcmarker. A) premetamorphic control tadpole, B) control adult
2 days, D) 4 days, and E) 8 days. The dotted square in D is magniﬁed in F and G to
ylase can no longer be detected, and the total number of cells has decreased. The arrows
Fig. 4. Induction of activated Notch mRNA in the exocrine tadpole pancreas. A) Transgenic tadpoles were prepared with two constructs designed to express Notch IC under the
control of the exocrine elastase promoter and inducible by doxycycline. Premetamorphic (NF55) transgenic animals were exposed to doxycycline for 8 days. B and C are adjacent
sections. B) H and E section of pancreas showing the morphological changes of acinar cells into duct cells after 8 days of exposure. C) Immunohistochemistry showing unchanged
insulin positive cells (arrow, stained red). D) carbonic anhydrase II (green) that is speciﬁc for duct cells and E) amylase (red) that detects an enzyme speciﬁc for acinar cells. D and E
are sequential sections. All the duct-like structures seen in B are positive for both antibodies. Scale bar 20 μm.
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transdifferentiation of tadpole acinar cells to duct-like cells does not
result in a normal frog pancreas. Acinar cells do not reform during the
8 days of induction of the transgene, and the duct-like structures
appear heterochromatic (Figs. 2E and 3E) and destined for destruc-
tion. These transgenesis experiments were not followed beyond the
8-day period. We conclude that the tadpole acinar cells can be
induced to transdifferentiate to duct cells by ST3 or activated Notch.
However, the induced change does not duplicate the much more
gradual TH-induced normal remodeling of the tadpole to the frog
exocrine pancreas.Materials and methods
Total RNA extraction and real-time PCR
Total RNA was extracted to quantify the transcripts of ST3 during
different stages of metamorphosis. Tadpoles were euthanized by ice-
cold MS-222, and their abdomens were opened and immediately
immersed in RNA later (Ambion) overnight at 4 °C. Total RNA wasextracted with TRIzol (Invitrogen) from pools of ﬁve pancreases at
pre-, pro- and at metamorphosis climax (NF55, 58 and 62), and from
the pancreases of TH-induced tadpoles at 12, 24 and 48 h of
treatment. Universal 18S primer pairs (Ambion) were used for
internal standards. Primers used to determine ST3 mRNA amount
(Fu et al., 2005) and RNA quality and quantity determination have
been described (Mukhi et al., 2008).Plasmid construction and transgenesis
Transgenic tadpoles were prepared by restriction enzyme medi-
ated integration (Kroll and Amaya 1996) with some modiﬁcations
(Huang et al., 1999). Tetracycline inducible systems (TetO) were used
to control the expression of the genes, ST3 and Notch-IC. The pancreas
speciﬁc promoter, a 205-bp rat elastase promoter (Beck and Slack,
1999; Kruse et al., 1993) was used to construct the TetO system
pElasatse-rtTA2S-M2 was constructed by cloning the rat elastase
promoter into pCS2-rtTA2S-M2 by replacing the CMV promoter. The
TetO driving ST3 (pTet(O)-ST-GFP) was constructed from two
plasmids. Coding sequence of ST3 (Z27093) was lifted from the
316 S. Mukhi, D.D. Brown / Developmental Biology 351 (2011) 311–317pHsp-ST3GFP-y-crystaline-GFP construct (gift from Dr. Yun-Bo Shi,
NIH) and inserted into the Tet[O]-TRDN-GFP3 (Das and Brown, 2004)
by replacing the TRDN coding region. pTet(O)-NOTCH-IC construct
was created from two plasmids. Activated Notch-IC (Kovall, 2008)
was cloned into the Tet[O]-TRDN-GFP3 plasmid replacing the TRDN
sequence. Double transgenic tadpoles were created by co-micro-
injecting the pElasatse-rtTA2S-M2 and pTet(O)-ST3-M2-GFP or
pElastase-rtTA2S-M2 and pTet(O)-NOTCH-IC. All transgenic animals
were prepared by co injecting the linearized plasmids. Tadpoles were
grown and the transgenic animals were selected by PCR of tail tissue
from premetamorphic tadpoles with appropriate PCR primers.
Tadpoles that had integrated two plasmids were selected for
experimentation.
Transgenic and wild type tadpoles were grown in 0.1× MMR as
described (Mukhi et al., 2008) and staged according to Nieuwkoop
and Faber (1994). Premetamorphic tadpoles were chosen for
tetracycline induction. Tadpoles were reared in 50 μg/ml doxycycline
hyclate (Doxy; Sigma) (Das and Brown, 2004) for varying lengths of
time to induce the respective transgene. Wild-type tadpoles were
treated in a similar manner. At each time point 3–5 tadpoles were
collected from the wild type and transgenic groups. Tadpoles were
euthanized using ice-cold MS-222, and their pancreases collected and
processed for histology and immunohistochemistry.
Histology and immunohistochemistry
Pancreases were ﬁxed in 4% paraformaldehyde, embedded in OCT
compound, and cryosectioned (7 μm) as described (Cai and Brown,
2004). Standard haematoxylin and Eosin staining was performed on
some pancreatic sections (Cai and Brown, 2004). Immunohistochem-
istry was carried out according to Schreiber and Brown (2005).
Primary antibodies used for immunohistochemistry were mouse anti-
amylase (Santa Cruz Biotechnology, USA) at 1:50 dilution; rabbit anti-
carbonic anhydrase II (Chemicon, USA) at 1:200 dilution and rabbit
anti-ST3 at 1:500 dilution (a gift from Yun-Bo Shi, National Institute of
Child Health, Bethesda, MD) . Fluorescence-conjugated secondary
antibodies (Molecular Probes) were used at a dilution of 1:400 and
nuclei were counterstained with 0.5 μg/ml DAPI. Digital images were
taken with a Nikon Eclipse E800 microscope and a SPOT RT digital
camera (Diagnostic Instruments). In each group, 3–5 animals were
evaluated for immunohistochemistry and histology.
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